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Abstract 

A  series  of  measurements  were  made  to  determine  how  Pt  influenees  the  partial  thermodynamie 
properties  of  A1  and  Ni  in  Y'-(Ni,Pt)3Al  and  liquid  in  the  Ni-Al-Pt  system.  The  aetivities  of  A1  and  Ni  were 
measured  by  the  vapor  pressure  teehnique  with  a  multiple  effusion-eell  vapor  souree  eoupled  to  a  mass 
speetrometer  {multi-cell  KEMS).  For  a  eonsistent  Aai  =  0.24,  adding  Pt,  from  Ap,  =  0.02  to  0.25,  reduees 
a(Al)  almost  an  order  of  magnitude,  from  about  2x10'"^  to  2x10'^,  at  1560K.  This  oeeurred  with  a  eonsistent 
A,„H(A1)  of-203±10  kJmof’  and  the  deerease  in  a(Al)  was  due  to  an  inerease  in  A,„S(A1) ,  from  -60  to  -40 
Jmof’K"*  with  a  deerease  in  the  Ni/Pt  ratio.  The  large  negative  A„,H(A1)  and  A„,S(A1)  indieate  Al-atoms  are 
ordered  in  Y'-(Ni,Pt)3Al.  Niekel  measurements  showed  a(Ni)  remains  essentially  eonstant,  -0.7,  indieating 
an  inereasingly  positive  ternary  interaetion  between  Ni-atoms  and  (A1  +  Pt)-atoms  in  Y'-(Ni,Pt)3Al  with  Pt 
addition,  where  Yni  inereased  from  about  0.7  to  1.2.  This  is  supported  by  A„H(Ni)  in  the  range  6.1  to 
7. 1±1.5  kJmof  *  at  1520K,  and  a  positive  A„,S“(Ni) ,  and  suggests  disorder  on  the  Ni-lattiee.  For  a 

eonsistent  Aai  =  0.27,  adding  Pt,  from  Apt  =  0.10  to  0.25,  also  reduees  a(Al)  but  only  by  a  faetor  of  about  3, 
while  fl(Ni)  remained  essentially  eonstant,  with  Ym  inereasing  from  about  0.7  to  0.95.  A  dramatie  ehange  in 
the  mixing  behavior  was  observed  between  the  A^i  =  0.24  and  0.27  (hypo-  and  hyper-stoiehiometrie)  series 
of  alloys,  where  A,nH(Al)  and  A„S(A1)  are  seen  to  inereases  about  50  kJmof'  and  20  fmol'K"'  at 
1566K,  respeetively.  Ineontrast,  A„H(Ni)  deereased  about  16  kJmof'  at  7=  1520Kand  A„s“(Ni)  ehanged 
from  a  positive  to  a  negative  value. 
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1.  Introduction 


The  Ni-Al-Pt  system  is  eurrently  reeeiving  signifieant  experimental  interest,  exemplified  by  the  reeent 
publieation  of  new  isothermal  seetions  at  1100  and  1  ISO^C  (1373  and  1423K),  measured  transport 
kineties  and  struetural  analysis  [1-4].  This  system  is  important  to  the  oxidation  protection  of  Ni-based 
superalloys  used  in  gas-turbines  applications,  where  Pt  modified  P-NiAl  based  coatings  are  currently  used 
to  ensure  the  formation  of  protective  thermally  grown  a-Al203-scales  (TGO).  The  continual  need  to 
increase  gas-turbine  operating  temperatures  mean  Ni-based  superalloys  now  require  the  addition  of  a 
thermal  barrier  coating  (TBC)  on  top  of  the  aluminum  rich  coating  and  protective  TGO  [5].  The  success  of 
a  TBC  depends  on  the  strength  of  the  interfacial  bond  with  the  TGO  scale  and  mechanical  behavior  of  the 
scale.  Therefore  the  objective  of  the  aluminum  rich  coating  has  shifted  from  simply  forming  and 
maintaining  a  protective  thermally  grown  a-Al203-scale  to  providing  a  strongly  adherent  scale  with 
significantly  reduced  susceptibility  to  cracking  and  spallation.  The  need  for  improved  TGO  scales  is 
focusing  research  on  understanding  the  detailed  mechanisms  of  a-Al203-scale  formation  on  Pt  modified 
aluminum-rich  coatings.  The  scope  of  this  research  includes  optimizing  coating  compositions  for  TGO 
scale  properties,  where  both  p  and  y'  y  coatings  are  being  considered,  and  also  the  interaction  of  these 
coatings  with  Ni-based  superalloy  substrates  [2,  6]. 

It  is  generally  accepted  that  the  addition  of  Pt  improves  the  oxidation  behavior  of  Ni-Al  based  alloys 
by  promoting  a-Al203-scale  formation  and  improving  scale  adhesion,  however,  the  underlying  mechanisms 
for  “the  Pt  effecf’  remain  unclear  [5,7-10].  Most  proposed  mechanisms  involve,  to  varying  degrees,  an 
increase  in  bond  strength  of  the  alloy  /  scale  interface  and  a  change  in  the  multi-component  diffusion 
behavior  in  the  alloy,  coating  and  TGO  scale  [11].  While  interface  strength  is  related  to  the  thermodynamic 
properties  of  both  the  alloy  and  scale,  this  investigation  is  initially  focused  on  improving  our  understanding 
of  the  multi-component  diffusion  behavior.  As  multi-component  diffusion  is  a  combination  of  multi- 
component  solution  thermodynamics  and  atomic  mobility,  a  fundamental  step  is  measuring  the  multi- 
component  solution  behavior.  Specifically,  determining  how  additions  of  Pt  affect  the  partial 
thermodynamic  properties  (thermodynamic  activities)  of  A1  and  Ni  in  P-(Ni,Pt)Al,  y'-(Ni,Pt)3Al  and  y- 
(Ni,Pt,Al)  in  the  Ni-Al-Pt  system.  These  activities  were  measured  directly  by  the  vapor  pressure  technique 
with  a  multiple  effusion-cell  vapor  source  coupled  to  a  mass  spectrometer  {multi-cell  KEMS)  [12-17].  The 
partial  thermodynamic  properties  of  Pt  were  not  considered  in  this  publication  because  no  Pt  containing 
vapor  species  were  measurable.  A  measurement  procedure  was  developed  for  the  Ni-Al-Pt  system  in  an 
initial  investigation  of  several  P-(Ni,Pt)Al  compositions  [17].  The  present  publication  will  report  a  series 
of  A1  and  Ni  activity  measurements  made  in  eight  y'-(Ni,Pt)3Al  compositions  and  liquid  of  the  same 
composition.  Future  publications  will  report  measurements  made  in  y-(Ni,Pt,Al)  and  more  detailed 
measurements  in  P-(Ni,Pt)Al  as  part  of  a  more  general  investigation  of  the  Ni-Al-Pt  system. 
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2.  Experimental 


2.1  Alloys  and  Sample  Preparation 

The  composition  (in  atomic  percent)  of  the  y'-(Ni,Pt)3Al  alloys  reported  in  this  publication  are  listed  in 
Table  1  and  shown  on  the  Ni-rich  comer  of  the  measured  Ni-Al-Pt  phase  diagram  at  1 150°C  (1423K), 
shown  in  Fig.  1  [1].  The  alloys  were  divided  into  two  groups:  series  A  which  is  nominally  Am  =  0.24  and 
hypo-stoichiometric  and  series  B  which  is  nominally  Am  =  0.27  and  hyper-stoichiometric,  with  respect  to 
Al.  All  the  alloys  were  supplied  by  Brian  Gleeson’s  group  at  Iowa  State  University  and  were  prepared  by 
argon-arc  melting  the  elements  (at  least  99.9  wt.%  pure).  After  casting,  each  alloy  was  homogenized  in  a 
flowing  argon  gas  atmosphere  at  1200°C  (1473K)  for  6  hours  and  at  1 150°C  (1423K)  for  an 
additional  24  hours,  water  quenched  and  cut  into  1  to  2mm  thick  slices.  Directly  prior  to  loading  into  the 
effusion  cell  (and  pumping  the  multi-cell  KEMS  to  10  *  atms)  the  surface  of  each  slice  of  alloy  sample  was 
removed  by  grinding  with  600  grit  SiC  paper,  roughly  cut  into  cubes  with  a  metal  shear  and  ultrasonically 
cleaned  in  acetone  then  ethanol.  Typically  0.7  to  1.5g  of  alloy  sample  were  loaded  into  each  effusion  cell, 
enough  to  cover  the  base  of  the  effusion-cell  with  approximately  2-3mm  of  sample,  shown  schematically  in 
Fig.  2.  Composition  analyses  of  the  alloys  were  performed  by  ICP  (Inductively  Coupled  Plasma 
Spectroscopy)  using  the  Varian  Vista-Pro  ICP-OES.  For  half  the  alloys  their  composition  was  measured 
before  and  after  the  activity  measurement,  in  all  cases  both  measured  compositions  agreed  within  the  error. 

TABLE  1 

2.2  Activity  Measurements 

The  partial  thermodynamic  properties  (thermodynamic  activities)  of  Al  and  Ni  in  these  alloys  were 
determined  by  the  vapor  pressure  method  by  comparing  the  partial  pressure  of  characteristic  vapor  species 
(Al(g)  and  Ni(g)  in  this  case)  in  equilibrium  with  each  alloy,  p{i),  and  a  reference  state,  according  to 
Eq.  1  [18-20]. 

(Eq.l) 

P  (i) 

The  relative  partial  pressures  of  Al(g)  and  Ni(g)  in  equilibrium  with  the  condensed  samples  were 
determined  as  a  function  of  temperature  by  Knudsen  effusion-cell  mass  spectrometry,  KEMS.  These 
measurements  were  made  with  a  Nuclide/MAAS/PATCO  12-90-HT  single  focus  90°  permanent  sector 
mass  spectrometer  with  an  electron-multiplier  detector.  KEMS  can  be  used  to  determine  the  relative  partial 
pressures  by  sampling  the  flux  of  a  species  in  a  molecular  beam  (selected  from  the  distribution  of  effusing 
molecules)  coming  from  an  effusion-cell  by  electron  bombardment  and  subsequent  formation  of  a 
representative  ion  beam  that  is  sorted  according  to  mass-to-charge  ratio  by  common  mass  spectrometric 
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techniques.  The  partial  pressure  of  a  species  inside  the  effusion-cell,  p{\),  is  directly  proportional  to  the 
measured  intensity  of  the  representative  ion  beam,  /;,  and  absolute  temperature,  T;  Eq.  2  [12]. 


(Eq.2) 

Where,  Si,  is  the  instrument  sensitivity  factor  which  is  a  complex  function  of  the:  intersection  of  the 
molecular  and  electron  beams,  ion  extraction  efficiency,  ionization  cross-section,  transmission  probability 
of  the  mass  analyzer,  detection  coefficient  and  isotopic  abundance.  The  need  for  absolute  partial  pressures 
and  therefore  accurate  instrument  sensitivities  is  removed  by  using  a  furnace  that  is  capable  of  containing  3 
effusion-cells  within  the  isothermal  zone.  This  multi-cell  KEMS  configuration  allows  the  direct 
comparison  of  the  relative  partial  pressures  of  species  in  equilibrium  with  different  condensed  samples  in 
adjacent  effusion-cells  at  the  same  temperature.  Multi-cell  KEMS  accounts  for  any  variation  in  Si  between 
measurements  within  an  experiment  and  between  experiments.  In  theory,  thermodynamic  activities  can  be 
measured  directly,  by  substituting  Eq.  2  into  Eq.  1,  according  to  Eq.  3  [13-17]. 

a(i)  =  (Eq.  3) 

.Malloy 

The  temperature  and  all  factors  in  Si  related  to  ionization  and  mass  spectra  analyses  cancel,  however,  the 
geometric  relationship  between  the  molecular-  and  electron-beam  remain,  which  is  represented  in  Eq.  (3) 
by,  gref /gaiioy,  the  ‘geomctiy  factor  ratio’  (GFR).  Provided  all  effusion-cells  are  isothermal  and  sampling  of 
the  molecular  beam  is  independent  of  the  vapor  source,  the  GFR  for  a  pair  of  cells  only  depends  on  the 
variation  in  the  shape  of  the  effusion  orifices  [16,17].  Consistent  molecular  beam  sampling  was  achieved 
by  inserting  two  fixed  apertures  (a  “field  aperture”,  0.8mm  in  diameter,  and  a  “source  aperture”,  2  mm  in 
diameter  about  38mm  apart)  between  the  effusion  cell  and  ion  source  and  accurate  alignment  of  each 
effusion-cell  orifice  with  the  fixed  apertures  [14-17].  The  apertures  fix  the  shape  and  position  of  the 
molecular  beam,  which  defines  an  ionization  volume  that  is  independent  of  the  vapor  source.  This 
configuration  works  best  when  the  fixed  apertures  define  a  source  area  for  the  molecular  beam,  A^,  that  is 
smaller  then  the  cross  section  of  the  effusion  orifice,  Ag,  a  condition  referred  to  as  “restricted  collimation” 
[14-16].  The  realization  of  this  condition  reduces  the  influence  variations  in  effusion  orifice  shape  have  on 
the  flux  distribution  of  species  in  the  molecular  beam  and  GFRs  are  typically  measured  to  be  1.00  ±  0.01. 
Restricted  collimation  was  achieved  in  this  study  with  the  field  and  source  apertures  listed  above  and  the 
effusion-cells  shown  in  Fig.  2. 

The  high  vapor  pressure  of  Al(g)  and  Al20(g)  in  equilibrium  with  the  {Al(l)  -I-  Al203(s)}  reference 
state  precludes  the  routine  use  of  the  measurement  procedure  identified  by  Eq.  3  for  the  Ni-Al-Pt  system. 

As  a  result  an  indirect  measurement  procedure  using  pure-Au(s,l)  as  a  secondary  reference  was  employed 
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in  this  study.  In  this  method,  activities  are  determined  at  each  temperature,  T,  by  comparing  the  ratio  of  the 
measured  relative  partial  pressure  of  the  characteristic  vapor  species  in  equilibrium  with  the  alloy  over 
/7°(Au)  in  equilibrium  with  pure-Au(s,l),  p{i)  /  /^‘’(Au)  or  I,  /  /"au,  to  the  ratio  of /^‘’(Au)  over  the 
characteristic  vapor  species  in  equilibrium  with  the  pure-element  reference  state  /?°(i),  /7°(Au)  /  as 
shown  in  Eq.  4. 


/?(i) 

/7°(Au) 

_  h  Sau  gref 

/7°(Au) 

/7°(Au) 

Au  ^  i  ^  alloy 

(Eq.  4) 


The  second  term  on  the  right  hand  side  of  Eq.  4,  Sau  /  Si,  is  a  calibration  factor  that  relates  the  measured 
relative  partial  pressure  of  Au(g)  in  equilibrium  with  pure-Au(s,l),  /°au,  to  the  relative  partial  pressure  of 
Al(g)  and  Ni(g)  in  equilibrium  with  the  pure-element  references,  which  are  {Al(l)  -I-  Al203(s)}  and  {Ni(s,l) 
-I-  Al203(s)},  respectively.  The  calibration  factors  used  in  this  study,  Sau  /  Sai  and  Sau  /  Sm,  were 
determined  to  be  0.154  ±  0.005  and  0.85  ±  0.03,  respectively  and  were  independent  of  temperature.  These 
could  be  considered  to  be  “effective”  ionization  cross-section  ratios,  however  a  range  of  important 
variables  were  not  adequately  controlled,  and  they  must  be  regarded  as  specific  to  the  instrument  used  in 
this  study.  These  values  were  determined  in  separate  experiments  with  pure-Au(s,l)  and  the  pure-element 
references  in  adjacent  effusion-cells  by  comparing  the  measured  ratio, />‘’(i)  / /^‘’(Au),  to  the  tabulated  ratio 
|/>‘’(i)  /  /7°(Au)],  according  to  Eq.  5. 


^Au 


(Eq.  5) 


The  tabulated  ratio  [p‘’(Au)  /  /?°(i)]  and  [p‘’(i)  /  /'“(An)]  used  in  Eq.  4  and  Eq.  5  were  determined  at  each 
measurement  temperature  with  the  “third  law”  treatment  suggested  by  Panic  et.  al.  [21]  using  the  Gibbs 
free  energy  functions  for  the  pure  substances  from  reference  [22]  together  with  the  measured  “second  law” 
reactions  enthalpies  listed  in  column  2  of  Table  2.  Repeated  measurements  of  these  reaction  enthalpies 
were  consistent  and  significantly  different  from  the  accepted  values  for  {Al(l)  -I-  Al203(s)}  [22,23],  as  a 
result  the  measured  “second  law”  values  were  used  in  this  study.  This  calculation  procedure  is  different  to 
that  used  in  reference  [17]. 

TABLE  2 

It  is  important  to  note  that  the  discrepancy  shown  in  Table  2  mean  the  absolute  partial  pressure  of  Al(g)  and 
Al20(g)  in  equilibrium  with  {Al(l)  -I-  Al203(s)}  are  not  well  known.  While  this  has  no  influence  on  the 
accuracy  of  the  measured  activities  reported  in  this  study  there  is  a  need  to  better  determine  vaporization 
behavior  of  the  Al-O  system. 
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The  indirect  measurement  procedure  introduces  some  complications.  The  different  shape  of  the 
ionization  efficiency  curves  of  Au(g),  Al(g)  and  Ni(g)  mean  a  consistent  electron  energy  (25eV)  must  be 
used  for  all  calibration  and  alloy  activities  measurements.  Consistent  electron  energy  was  maintained  by 
measuring  the  ionization  potential  of  Au^  and  Ar  in  each  experiment  and  setting  the  electron  energy 
relative  to  these  values.  As  the  comparison  between  the  measured  and  tabulated  data  is  made  at  specific 
temperatures,  accurate  temperature  measurement  is  critical.  The  temperature  was  measured  with  a 
pyrometer  (Mikron  M190V-TS)  sighting  a  blackbody  source  (2.5  mm  in  diameter  and  13.5  mm  long) 
machined  into  the  bottom  of  the  effusion-cell  and  Mo-cell  holder.  The  presence  of  pure-Au(s,l)  as  a 
secondary  reference  provides  the  primary  temperature  standard,  the  melting  temperature  of  An  1064.4‘’C 
(1337. 5K),  which  was  used  to  calibrate  the  pyrometer  in  each  experiment  and  ensures  accurate  temperature 
measurement.  In  addition  the  enthalpy  of  the  sublimation  of  pure-Au(s,l)  is  measured  in  every  experiment, 
which  provides  a  systematic  method  of  checking  the  accuracy  of  the  measured  data.  A  vapor  source 
capable  of  containing  3  effusion-cells  allowed  two  alloys,  together  with  the  pure-Au(s,l)  reference,  to  be 
measured  in  a  single  experiment.  The  steady  state  condition  in  each  effusion-cell  was  verified  at  each 
temperature  with  repeat  measurements  30-45  minutes  apart.  The  typical  variation  in  temperature  and  ion- 
intensity  between  repeat  measurements  was  less  then  0.5  K  and  1  %,  respectively.  Typically  measurements 
were  made  at  a  range  of  temperatures  over  three  days  and  were  taken  in  a  “random”  order  to  remove 
systematic  errors. 


3.  Results 

Figure  3  shows  the  experimental  data  from  a  typical  activity  measurement  of  alloys  A2  (Ni-24.2A1- 
lO.OPt)  and  A4  (Ni-23.8Al-25.lPt),  plotted  as  the  natural  logarithm  of  the  measured  relative  partial 
pressure,  ln(/i7’),  of  Au(g),  Ni(g)  and  Al(g)  and  Al20(g)  verses  inverse  absolute  temperature,  l/T.  The 
numbers  on  the  Au(g)  curve  represent  the  order  in  which  the  measurements  were  made,  each  data  point 
consists  of  2  sets  of  6  independent  measurements  taken  30  to  45  minutes  apart.  The  reproducibility  at  each 
temperature  indicates  steady  state  while  the  linearity  of  the  curves  show  the  alloy  compositions  did  not  vary 
during  the  course  of  the  experiment  (in  agreement  with  the  measured  compositions  in  Table  1)  and  that  the 
instrument  sensitivity  was  relatively  consistent. 

During  the  course  of  these  experiments  data  was  taken  from  both  y'-(Ni,Pt)3Al  and  liquid  phases  for  all 
alloy  composition.  The  associated  solid  <->  liquid  phase  transformations  were  made  repeatedly  in  both 
directions  and  were  completely  reproducible  for  all  alloys.  The  experimental  data,  as  shown  in  Fig  3,  for 
all  measurements  of  y'-(Ni,Pt)3Al  and  liquid  reported  in  this  publication  are  summarized  and  listed  in  Table 
3.  This  table  contains  the  measured:  temperature  range;  relative  partial  pressures  of  Al(g)  as  I^/aiF )  =  A 
+  B/T  and  Ni(g)  as  ln(/NiF)  =  C  +  D/T  for  each  composition;  the  “second-law”  determination  of  partial 
enthalpies  of  sublimation  for  Al(g)  and  Ni(g),  A3H(A1)  and  A3H(Ni) ,  for  each  composition  at  the  center 
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of  the  measured  temperature  range;  enthalpy  of  sublimation  for  Au(g)  from  pure-Au(s,l)  at  25°C  (298K), 
AsH°(Au)298,  made  during  each  experiment. 

The  activities  of  A1  and  Ni  in  y'-(Ni,Pt)3Al  and  liquid  phases  were  calculated  at  each  temperature  by 
the  method  discussed  in  above  {i.e.,  Eq.  (4)  and  Eq.  (5)  and  the  measured  data  in  Table  2)  and  independent 
of  the  data  summarized  in  Table  3.  The  measured  activities  are  shown  in  Figs  4  to  7  as  logarithmic  plots  of 
a(Al)  and  a(Ni)  verses  inverse  absolute  temperature,  HT,  for  the  A  and  B  series  of  alloys.  These  activities 
represent  the  partial  mixing  reaction  of  y'-(Ni,Pt)3Al  and  liquid  from  the  pure  elements.  The  partial 
enthalpy  and  entropy  of  mixing  were  determined  from  the  measured  temperature  dependence  of  a(Al)  and 
a(Ni),  according  to  Eq.  6a,  6b  and  6c. 


A„a(i) .  RTliw(i) .  A,„H(i)  -TA,„S(i) 

A„H(i)=R[^^' 

”  [  5(i/r) 

A„S(i)  =  -7?lna(i)-7?7’| 


-\p 


51na(i) 

dT 


Jp 


(Eq  6a) 
(Eq  6b) 

(Eq  6c) 


The  measured  activities  are  summarized  and  listed  in  Table  4.  The  partial  entropies  of  mixing  are 
essentially  constant  over  a  small  temperature  range  (a  couple  of  hundred  degrees)  while  the  partial 
entropies  of  mixing  are  temperature  dependent  and  the  values  listed  in  Table  4  are  only  valid  for  the  center 
of  the  measured  temperature  range.  The  temperature  dependence  of  the  partial  entropy  of  mixing  for  A1 
and  Ni  are  shown  in  Fig.  8  and  Fig.  9  for  the  A  and  B  series  of  alloys,  respectively. 

TABLE  3 


TABLE  4 


Some  information  about  the  solid  <->  liquid  phase  transformations  is  obtained  by  looking  at  the  sample 
surface  after  each  measurement.  All  alloys  exhibited  clear  evidence  of  dendritic  growth  with  large  regions 
of  clean  metal  surface  and  some  atomically  flat  steps,  characteristic  of  vaporizing  solid  surfaces,  as  shown 
in  Fig  10a  for  alloy  B3.  In  addition  there  were  regions  with  fine  crystalline  AI2O3  precipitates  (identified 
by  EDS  analysis)  on  or  just  below  the  sample  surface,  as  shown  in  Fig  10b.  Presumably  they  are  a-Al203 
and  they  precipitated  from  the  liquid  on  cooling  and  float  to  the  surface.  This  suggests  a  significant 
increase  in  oxygen  solubility  in  the  liquid  compared  to  y'-(Ni,Pt)3Al  and  that  a  small  amount  of  AI2O3 


dissolves  and  precipitates  in  the  solid  <->  liquid  phase  transformation.  This  together  with  the  discontinuities 
in  activity  plots  shown  in  Figs  4  to  7  suggest  the  transformation  behavior  proposed  in  Table  5  within  the 
identified  temperature  range.  Alloys  A1  to  A4  are  expected  to  melt  congruently,  while  alloys  B2  to  B4 


7 


melt  incongruently  and  alloy  B 1  melts  with  a  euteetic  reaction.  Solid  <->  liquid  phase  transformations  and 
their  temperature  were  not  the  focus  of  this  study  and  more  accurate  data  could  be  obtained  with  a  few 
changes  in  experiment  procedure.  The  results  related  to  the  melting  behavior  of  these  alloys  are  important 
but  will  not  be  further  discussed  in  this  publication. 

TABLE  5 

4.  Discussion 

4.1  General  Comments 

The  correct  interpretation  of  thermodynamic  property  measurements  relies  on  an  accurate  knowledge 
of  the  state  of  the  system  being  studied  {i.e.,  absolute  temperature,  pressure,  stable  phases  and  phase 
compositions).  Indeed  the  need  to  know  phase  composition  as  a  function  of  temperature  is  the  main  reason 
single  phase  alloys  were  chosen  for  this  study.  For  these  measurements,  however,  the  boundary  of  the 
system  is  defined  by  the  inner  surface  of  the  effusion-cell  and  therefore  the  cell-material  must  be  included 
in  the  equilibrium  with  the  alloy  samples  [24,25].  Although  our  interest  is  in  the  Ni-Al-Pt  system,  the 
nature  of  the  technique  means  the  Ni-Al-Pt-O  system  is  actually  studied,  specifically  the  {y'  -I-  AI2O3  + 
vapor}  and  {liquid  +  AI2O3  +  vapor}  equilibria.  Where  y'  and  liquid  are  saturated  with  O,  and  the  AI2O3  is 
saturated  with  Al,  Ni  and  Pt  for  the  activities  a(Al),  a(Ni)  and  a(Pt)  defined  by  alloy.  Ni-Al-Pt-O  is  the 
ideal  system  to  study  with  this  technique  because  AI2O3  is  in  equilibrium  with  most  alloy  compositions,  the 
O  solubility  in  the  solid  and  liquid  alloy  is  low  there  should  be  no  measurable  influence  on  the  activities  of 
Al  and  Ni,  the  stoichiometry  range  of  AI2O3  is  small  and  it  limits  O  transport  through  the  effusion-cell  wall. 
Figure  10b  suggests  O  is  more  soluble  in  the  liquid  but  quantifying  this,  as  a  function  of  temperature,  is 
difficult  and  outside  the  scope  of  this  study.  So  while  the  alloy  phase  compositions  are  not  accurately 
known,  in  terms  of  O  content,  it  is  valid  to  apply  these  measured  activities  to  the  Ni-Al-Pt  system,  provided 
the  actual  state  of  the  system  is  always  kept  in  mind.  The  O  solubility  limit  in  y'  and  the  liquid  can  be 
added  to  these  results  when  they  become  available. 

The  need  to  include  the  cell-material  in  the  equilibrium  is  a  restriction  imposed  on  all  effusion-cell 
studies  [24].  This  study  differs  in  that  the  measurement  procedure  was  developed  and  the  reference  states 
chosen  to  be  consistent  with  this  restriction  [17].  The  {Ni(s,l)  +  Al203(s)}  reference  state  is  convenient  but 
not  ideal  as  some  Al  must  dissolve  (at  least  10'"^  at.  %  Al  at  1660K)  before  equilibrium  is  obtained  with 
Al203(s).  Flowever,  at  this  stage  there  appears  to  be  no  measurable  difference  between  the  vaporization 
behavior  of  Ni(g)  from  {Ni(s,l)  +  Al203(s)}  and  {Ni(s,l)  +  NiAl204(s)  +  NiO(s)},  where  {Ni(s,l)  + 
NiAl204(s)  +  NiO(s)}  is  a  better  reference  state.  If  this  turns  out  to  be  incorrect  these  a(Ni)  can  be  easily 
corrected  by  updating  the  Sau  /  Sni  calibration  factor  used  here.  The  {Al(l)  -I-  Al203(s)}  reference  state  is 
both  ideal  and  convenient  as  it  provides  the  references,  j5°(Al)  and  /7°(Al20)  [17].  Provided  both  species 


are  measurable  in  the  vapor  in  equilibrium  with  the  alloy  the  activities  of  O  and  AI2O3  can  be  determined  in 
addition  to  a(Al).  These  measurements  are  important  because  the  {alloy  +  Al203(s)  +  vapor}  equilibria 
represent  the  local  equilibrium  description  of  the  alloy  /  scale  interface  observed  during  steady  state 
oxidation  [25].  Unfortunately  /?(Al20)  was  not  measurable  for  all  y'  alloys  used  in  this  study,  therefore  the 
results  were  not  reported.  However,  from  the  limited  results;  a(Al203)  was  very  close  to  unity  and 
apparently  independent  of  alloy  composition.  Therefore  /?(0)  or  piO^)  depend  directly  on  a(Al)  in  the  alloy 
in  accordance  to  the  simplification  typically  used  to  determine  the  alloy  /  scale  boundary  condition  [11]. 

The  accuracy  of  these  results  was  checked  in  each  experiment  with  a  “second-law”  measurement  of  the 
enthalpy  of  the  sublimation  of  Au(g)  from  pure-Au(s,l),  AsH°(Au)298,  which  are  shown  in  column  1 1  of 
Table  3.  All  values  are  within  their  experimental  error  and  also  agree  with  the  value  listed  in  Table  2  which 
were  measured  during  the  determination  of  the  Sau  /  Si  calibration  factors.  This  behavior  is  typical  for  both 
the  multi-cell  KEMS  instmment  and  the  measurement  procedure  used  in  this  study  and  indicates  the 
measured  partial  thermodynamic  properties  are  accurate. 

These  results  are  discussed  without  directly  considering  the  lattice  stracture  of  y'-(Ni,Pt)3Al  or  the 
liquid  (inline  with  the  phenomenalogical  nature  of  the  measurements).  However,  the  measured  phase 
boundaries  in  Fig.  1  show  Ni  and  A1  probably  exist  on  different  lattice-sites  and  Pt  substitutes  almost 
exclusively  for  Ni  and  there  is  a  small  range  in  A1  composition  either  side  of  stoichiometry,  Xa\  =  0.25. 

The  results  for  series  A  and  B  alloys  will  be  discussed  in  turn. 


4.2  Series  A  Alloys 

Figure  4  shows  that  for  a  consistent  A1  concentration,  Xa\  =  0.24,  increasing  the  Pt  concentration  from 
Xpf  =  0.02  to  0.25  in  y'-(Ni,Pt)3Al  and  liquid,  of  the  same  composition,  reduces  a(Al)  almost  an  order  of 
magnitude.  While  a(Al)  decreases  in  y'-(Ni,Pt)3Al  with  the  decrease  in  Ni/Pt,  the  partial  enthalpy  of  mixing 
of  A1  is  consistent,  AjjjH(Al) ,  at  -203±10  kJmol  *.  This  behavior  is  consistent  with  the  measured  partial 
enthalpies  of  sublimation  of  Al(g)  from  alloys  A1  through  A4,  listed  in  Table  3  and  shown  in  Fig.  3  for  A2 
andA4.  A  consistent  Ajj,H(Al)  indicates  the  strength  of  the  chemical  bonding  of  Al-atoms  in  y'-(Ni,Pt)3Al 
is  not  influenced  by  a  change  in  the  Ni/Pt  ratio.  This  suggests  either,  the  chemical  bond  between  Al-Ni 
atoms  is  almost  identical  to  the  bond  between  Al-Pt  atoms  or  more  simply  that  X^i  has  the  strongest 
influence  on  the  bonding  of  Al-atoms  in  y'-(Ni,Pt)3Al.  This  first  possibility  needs  to  be  checked  by 
comparing  the  vaporization  behavior  of  binary  y'-Ni3Al  and  Pt3Al.  Either  way  the  decrease  in  a(Al) 
appears  to  be  due  solely  to  the  observed  increase  in  partial  entropy  of  mixing  of  Al,  A„  S  (Al) ,  from  -60  to 
-40  Jmor'K"’  at  1550K,  with  the  decrease  in  Ni/Pt  ratio,  as  shown  in  Fig.  8  and  Table  4.  The  large 
negative  values  of  A^H(Al)  and  A|j,S(Al)  suggest  Al-atoms  are  highly  ordered  in  y'-(Ni,Pt)3Al  and 
indicate  a  large  negative  non-configurational  or  excess  contribution  to  the  entropy  of  the  Al-atoms.  The 
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reason  for  the  increase  in  A^S(Al)  is  unclear  but  it  suggests  the  entropy  of  the  Al-lattice  sites  is  influenced 

by  changes  in  Ni/Pt  ratio  on  the  Ni-lattice  because  Aai  has  remained  essentially  constant.  An  entropy  based 
interaction  between  the  Al-lattice  and  Ni-lattice.  Clearly  more  work  is  need  to  relate  these  results  to  the 
lattice  stmcture  of  y'-(Ni,Pt)3Al  and  better  understand  this  behavior. 

The  liquid  behaves  in  a  similar  manner  to  y'-(Ni,Pt)3Al  but  the  decrease  in  a(Al)  corresponds  to  a 
decrease  in  AjjjH(Al)  from  -123±5  to  -172±56  kJmof’.  This  indicates  an  increase  in  the  binding  of  the 
Al-atoms  in  the  liquid  with  the  addition  Pt  which  agrees  with  the  decrease  in  a(Al).  There  is  also  a  large 
negative  excess  contribution  to  the  entropy  of  Al-atoms  in  the  liquid  and  Aj„S(Al)  decreases  from  about 

-10  to  -25  Jmol  ’K'*  (at  about  1680K)  with  the  addition  of  Pt.  Both  suggest  significant  ordering  of  the  Al- 
atoms  or  cluster  formation  in  the  liquid  that  increases  with  the  addition  of  Pt. 

Figure  5  shows  that  while  the  concentration  of  Ni  was  reduced  (from  =  0.736  to  0.51 1)  with  the 

addition  of  Pt  (Apt  =  0.02  to  0.251)  in  y'-(Ni,Pt)3Al,  the  activity  of  Ni  remained  essentially  constant  (within 
the  measurement  error).  This  behavior  indicates  an  increasingly  positive  ternary  interaction  between  Ni- 
atoms  and  (A1  -I-  Pt)-atoms  in  y'-(Ni,Pt)3Al  with  Pt  addition.  This  is  clearly  seen  by  re -plotting  the  a(Ni) 
data  of  alloys  A1  through  A4  in  terms  of  the  activity  coefficient  of  Ni,  where  yNi  =  a(Ni)/ANi,  (shown  in  Fig. 
1  la),  where  the  measured  y^  increases  from  about  0.7  to  1.2.  From  Table  4,  the  measured  partial 
enthalpies  of  mixing  of  Ni  in  these  alloys  are  consistent  and  positive,  within  the  range  6.1  to  7.1F1.5  kJmoT 
*  at  1520K.  This  supports  the  existence  of  a  positive  ternary  interaction  between  Ni-atoms  and  (A1  -I-  Pt)- 
atoms  in  y'-(Ni,Pt)3Al  and  also  suggests  consistent  chemical  bonding  for  Ni-atoms.  Further,  these  results 
show  a  positive  partial  excess  entropy  of  mixing  for  Ni,  A^S“(Ni) ,  as  listed  in  Table  4.  The  nature  of  the 

positive  A  ij,  S  (Ni)  is  unclear  but  it  appears  to  be  at  odds  with  the  large  negative  A  S  (Al) ,  i.  e. ,  the 

high  degree  of  ordering  for  Al-atoms  is  not  matched  by  a  corresponding  ordering  in  the  surrounding  Ni- 
atoms.  The  a(Al)  results  suggested  some  type  of  entropy  based  interaction  between  the  Al-lattice  and  Ni- 
lattice  but  there  is  no  indication  of  this  from  the  a(Ni)  results,  show  no  indication  of  this.  Unfortunately 
there  is  no  direct  information  about  partial  thermodynamic  properties  of  Pt  in  y'-(Ni,Pt)3Al  to  help 
understand  this  behavior. 

The  behavior  of  Ni  in  liquid  at  compositions  Al  through  A4  is  similar  to  y'-(Ni,Pt)3Al.  The  activity  of 
Ni  remained  essentially  constant  as  the  concentration  of  Ni  was  reduced  with  the  addition  of  Pt.  Again  this 
results  from  an  increasingly  positive  ternary  interaction  between  Ni-atoms  and  (Al  -I-  Pt)-atoms  with  Pt 
addition,  as  shown  in  Fig.  11a.  This  is  accompanied  with  an  increase  in  both  the  partial  enthalpy  and 
entropy  of  mixing  of  Ni  in  the  liquid.  It  is  important  to  note  that  for  both  y'-(Ni,Pt)3Al  and  liquid  the 
interactions  in  both  binaries,  Ni-Al  and  Ni-Pt,  are  negative  (i.e.,  y^  <  1)  with  the  Ni-Al  interaction  stronger 
then  Ni-Pt.  As  a  result  the  behavior  seen  here  must  be  a  ternary  interaction  between  Ni-atoms  and  (Al  -l- 
Pt)-atoms. 
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4.3  Series  B  Alloys 

Initially  the  most  striking  result  from  the  B  series  of  alloys  (Fig.  6  and  Fig.  7)  is  the  inconsistent 
behavior  o f  alloy  Bl.  This  alloy  exhibits  a  small  A^H(Al)  (-88.2F3.9  kJmof  *)  and  a  large  A|„H(Ni) 

(-39.5±3.0  klmof')  compared  to  all  other  alloys  measured  in  this  study.  In  addition  the  melting  behavior 
of  this  alloy  is  characterized  by  a  large  discontinuity  in  the  temperature  dependence  of  /?(A1)  and  /?(Ni)  that 
is  not  seen  with  the  other  alloys.  This  behavior  is  due  to  Bl  being  a  two  phase,  y'  +  P,  alloy  and  there  are 
significant  changes  in  phase  composition  with  temperature.  The  changes  in  phase  composition  dominate 
the  vaporization  behavior  of  Bl  and  therefore  the  temperature  dependence  of  a(Al)  and  a(Ni)  does  not  give 
any  information  about  the  mixing  behavior  of  either  y'  or  p.  Without  accurate  phase  composition  data  these 
results  cannot  be  used  to  discuss  the  solution  behavior  of  y'-(Ni,Pt)3Al. 

For  alloys  B2,  B3  and  B4,  Fig.  6  shows  that  for  a  consistent  A1  concentration,  Xa\  =  0.27,  increasing 
the  Pt  concentration  from  Apt  =  0.10  to  0.25  in  y'-(Ni,Pt)3Al  and  liquid,  of  the  same  composition,  reduces 
a(Al)  by  about  a  factor  of  about  3.  In  line  with  the  small  increase  in  Am  the  a(Al)  in  these  alloys  is  higher 
then  in  the  A  series  of  alloys.  For  these  alloys  the  AjjjH(Al)  is  relatively  independent  of  the  decrease  in 

Ni/Pt  ratio,  and  was  measured  in  the  range,  -146.4±6.8  to  -163±12  kJmof'  but  it  is  not  as  obvious  as  seen 
for  A  series  of  alloys.  The  critical  point,  however,  is  that  a  small  change  in  Am  from  0.24  to  0.27  (from 
hypo-  to  hyper-stoichiometric)  has  a  dramatic  influence  on  the  mixing  behavior  and  therefore  the  chemical 
bonding  of  Al-atoms  in  y'-(Ni,Pt)3Al;  where  AjjjH(Al)  increases  about  50  kJmof*  at  T=  1566K.  These 
results  also  suggest  almost  identical  chemical  bonds  between  Al-Ni  and  Al-Pt  atoms  and  support  the  idea 
that  Am  has  the  strongest  influence  on  the  bonding  of  Al-atoms  in  y'-(Ni,Pt)3Al.  A  large  negative  excess 
contribution  to  the  entropy  of  the  Al-atoms  is  also  present  in  these  alloys  but  the  decrease  in  a(Al)  with  Pt 
addition  is  not  clearly  due  to  an  increase  in  the  partial  entropy  of  mixing  of  Al,  Aj„S(Al) ,  Fig.  9  and  Table 
4.  Again  there  is  a  dramatic  change  in  AjjjS(Al)  going  from  hypo-  to  hyper-stoichiometry  in  y'-(Ni,Pt)3Al 
where  Aj^S(Al)  increases  about  20  Jmol  'K  '  at  1566K.  These  results  suggest  y'-(Ni,Pt)3Al  remains 
highly  ordered,  with  respect  to  Al-atoms,  but  the  lattice  structure  must  change  significantly  at  Am  =  0.25. 

The  solution  behavior  of  the  liquid,  in  terms  of  both  Al  and  Ni,  observed  for  series  B  alloys  is  similar 
to  that  observed  for  series  A  alloys.  The  a(Al)  decreased  with  the  addition  Pt  or  decreasing  Ni/Pt  ratio.  A 
similar  negative  non-configurational  contribution  to  the  entropy  of  the  Al-atoms  is  observed  suggesting 
ordering  of  the  Al-atoms  in  the  liquid.  The  a(Ni)  remained  essentially  constant  as  the  concentration  of  Ni 
was  reduced  with  the  addition  of  Pt.  The  consistent  positive  partial  enthalpy  and  entropies  of  mixing  for  Ni 
were  observed  for  all  compositions  (apart  from  Bl),  again  suggesting  a  an  increasingly  positive  ternary 
interaction  between  Ni-atoms  and  (Al  -I-  Pt)-atoms  with  Pt  addition. 

Figure  7  shows  that  while  the  concentration  of  Ni  was  reduced  (from  A^i  =  0.638  to  0.481)  with  the 
addition  of  Pt  (Apt  =  0.10  to  0.252)  in  y'-(Ni,Pt)3Al,  the  activity  of  Ni  remained  essentially  constant  (within 
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the  measurement  error).  Again  indicating  an  increasing  but  negative  ternary  interaction  between  Ni-atoms 
and  (A1  +  Pt)-atoms  in  y'-(Ni,Pt)3Al  with  Pt  addition  (shown  in  Fig.  1  lb)  where  Yni  increases  from  0.7  to 
0.95.  The  increase  in  Am  going  from  series  A  to  series  B  alloys  corresponds  to  a  general  decrease  in  a(Ni) 
from  0.65  to  0.45  in  y'-(Ni,Pt)3Al.  From  Table  4,  the  measured  A^H(Ni)  in  series  B  alloys  is  relatively 
consistent  at  -7.8  to  -10.5F2.0  kJmof’  at  1520K.  As  seen  with  Al,  there  is  a  dramatic  change  in  the 
mixing  behavior  of  Ni  and  hence  the  chemical  bonding  of  Ni-atoms  in  y'-(Ni,Pt)3Al  between  series  A  and 
series  B  alloys.  In  this  case,  Aj„H(Ni)  decreases  about  16  kJmof’ at  1520K  and  A^ S’'®  (Ni)  changes 

from  a  positive  to  a  negative  value.  The  decrease  in  both  AjjjH(Ni)  and  Aj„S’'®(Ni)  indicate  an  increase 

in  the  degree  of  ordering  for  Ni-atoms  on  the  hyper-  side  relative  to  the  hypo-stoichiometric  side  of  y'- 
(Ni,Pt)3Al. 


5.  Conclusion 

For  the  hypo-stoichiometric  alloys,  series  A,  adding  Pt  to  y'-(Ni,Pt)3Al  reduces  a(Al)  almost  an  order 
of  magnitude.  This  occurred  with  a  consistent  AjjjH(Al)  and  suggests  either,  the  chemical  bond  between 
Al-Ni  atoms  and  Al-Pt  atoms  is  almost  identical  or  more  simply  Am  has  the  strongest  influence  on  the 
bonding  of  Al-atoms  in  y'-(Ni,Pt)3Al.  The  decrease  in  a(Al)  is  due  to  an  increase  in  the  large  negative 
A^S(Al)  with  decreasing  Ni/Pt  ratio.  The  large  negative  AjjjH(Al)  and  AjjjS(Al)  indicate  Al-atoms  are 

highly  ordered  in  y'-(Ni,Pt)3Al.  The  reason  for  the  increase  in  Al  entropy  with  Ni/Pt  ratio  is  not  understood 
but  the  result  implies  an  entropy-based  interaction  between  the  Al-lattice  and  the  Ni-lattice. 

The  Ni  measurements  for  series  A  alloys  showed  that  while  Am  was  reduced  with  the  addition  of  Pt  the 
activity  of  Ni  remains  essentially  constant.  This  behavior  indicates  an  increasingly  positive  ternary 
interaction  between  Ni-atoms  and  (Al  -I-  Pt)-atoms  in  y'-(Ni,Pt)3Al  with  Pt  addition.  This  was  supported  by 
positive  A|j,H(Ni)  and  a  positive  A^S’'®(Ni)  that  suggest  the  Ni-lattice  is  disordered.  This  appears  to  be 

at  odds  with  the  ordering  on  the  Al-lattice  and  the  indication  of  an  entropy  based  interaction  between  the 
two  lattices. 

For  the  hyper-stoichiometric  alloys,  series  B,  adding  Pt  to  y'-(Ni,Pt)3Al  reduced  a(Al)  by  about  a  factor 
of  3.  This  also  occurred  with  a  consistent  Aj^H(Al)  that  was  relatively  independent  of  Ni/Pt  ratio.  The 
critical  point,  however,  is  that  there  is  a  dramatic  change  in  the  mixing  behavior  between  Aai  =  0.24  and 
0.27  (;.e.,  hypo- to  hyper-stoichiometric  composition  of  y'-(Ni,Pt)3Al)  where  AjjjH(Al)  and  AjjjS(Al) 
increase  about  50  kJmof’  and  20  JmoT'K'*  at  F=  1566K,  respectively.  This  supports  the  observation  that 
Am  has  the  strongest  influence  on  the  bonding  of  Al-atoms  in  y'-(Ni,Pt)3Al.  The  large  negative  excess 
contribution  to  the  entropy  of  the  Al-atoms  indicate  y'-(Ni,Pt)3Al  remains  highly  ordered  for  Al. 
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The  Ni  measurements  for  series  B  alloys  also  showed  an  increasing  ternary  interaction  between  Ni- 
atoms  and  (A1  +  Pt)-atoms  in  y'-(Ni,Pt)3Al  with  Pt  addition.  The  increase  in  Am  from  series  A  alloys 
decreased  a(Ni).  The  measured  Ajj,H(Ni)  in  these  alloys  were  relative  consistent  but  negative  and  indicate 
a  similarly  dramatic  change  in  the  mixing  behavior  of  Ni  in  y'-(Ni,Pt)3Al  between  series  A  and  series  B 
alloys.  The  measured  A^H(Ni)  decreased  about  16  kJmof*  at  1520Kand  AjjjS’‘®(Ni)  changed  from 

a  positive  to  a  negative  value.  Both  indicate  an  increase  in  the  degree  of  ordering  for  Ni-atoms  in  hyper- 
stoichiometric  y'-(Ni,Pt)3Al. 

Measurements  made  in  the  liquid  showed  similar  behavior  to  y'-(Ni,Pt)3Al  for  A1  and  Ni  in  both  series 
A  and  series  B  alloys.  a(Al)  decreased  with  the  addition  of  Pt  and  was  accompanied  by  a  decrease  in 
Ajj,H(Al)  and  a  negative  excess  contribution  to  Ajj,S(Al) .  Both  properties  indicate  an  increase  in  the 
binding  of  the  Al-atoms  with  Pt  addition  and  significant  ordering  of  the  Al-atoms  in  the  liquid.  a(Ni) 
remained  essentially  constant  in  the  liquid,  again  suggesting  an  increasingly  positive  ternary  interaction 
between  Ni-atoms  and  (A1  -I-  Pt)-atoms  with  Pt  addition. 

Clearly  more  work  is  need  to  relate  these  measurements  to  the  lattice  structure  of  y'-(Ni,Pt)3Al  to  better 
understand  the  solution  behavior,  particularly  the  dramatic  change  in  the  mixing  behavior  when  going  from 
hypo-  to  hyper-stoichiometry  compositions  of  y'-(Ni,Pt)3Al,  in  terms  of  A1  content.  Unfortunately  there  are 
no  direct  measurements  of  the  partial  thermodynamic  properties  of  Pt  in  y'-(Ni,Pt)3Al  or  alternatively 
integral  mixing  enthalpies  of  ternary  compositions  in  y'-(Ni,Pt)3Al  determined  by  high  temperature  reaction 
calorimetry  [26].  This  information  will  provide  a  more  complete  picture  of  the  solution  behavior  of  y'- 
(Ni,Pt)3Al  and  help  answer  some  of  the  issues  raised  with  these  results. 
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Tables 


Table  1.  Measured  Alloy  Composition  (at.  %) 


Alloy 

Ni 

A1 

Pt 

Ni/Pt 

Al/Pt 

At 

73.6 

24.3 

2.0 

35.05 

11.57 

A2 

65.8 

24.2 

10.0 

6.58 

2.42 

A3 

57.9 

24.0 

18.1 

3.2 

1.33 

A4 

51.1 

23.8 

25.1 

2.04 

0.95 

B1 

70.8 

27.2 

2.0 

35.4 

13.6 

B2 

63.8 

26.4 

9.8 

6.51 

2.69 

B3 

54.9 

27.0 

18.1 

3.03 

1.49 

B4 

48.1 

26.7 

25.2 

1.91 

1.06 

experimental  error  ±0.5at% 


Table  2.  Reaction  Enthalpies  at  25°C  (298K)  for  Au(g),  Ni(g),  Al(g)  and  Al20(g); 
Measured  “Second-Law”  Values  and  Accepted  Values 


Measured  IVTAN  [22]  JANAF  [23] 

(kjmol'b  (kjmor')  (Umol*') 


Au(s,l)  =  Au(g) 

363.5+2.8 

367.0+1.3' 

367.0+0.9  [21] 

Ni(s)  =  Ni(g) 

428.3+2.6 

428.0+8.0 

430.1+8.4 

Al(s)  =  Al(g) 

341.0+2.2 

330.0+3.0 

329.7+4.2 

4/3Al(s)  +  l/3Al203(s)  =  Al20(g) 

414.2+3.6 

409.9+55 

413.4+50 

4/3Al(g)  +  l/3Al203(s)  =  Al20(g) 

-41.1+3.2 

-30.0+4.3 

-26.2+3.0 

2Al(g)  +  0(g)  =  Al20(g) 

-1075.5+9.0 

-1057.8+20.0 

-1053.7±150 

'  3'“'  law  measurement 
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Table  3.  Summary  of  all  Measured  Experimental  Data  of  y'-(Ni,Pt)3Al  and  Liquid. 


Alloy 

T  range 

(K) 

In(/Ai7) 

A 

=  A  +  B/T 

-BxlO'^ 

AsH(AI) 
(kjmol ') 

T  range 

(K) 

In(/Ni7) 

C 

=  C  +  D/T 

-DxlO'^ 

AsH(Ni) 

(kJmol') 

AjH  (Au)29g 
(kjmol') 

A1 

y' 

1530-1620 

53.6+0.3 

63.7+0.4 

530+3 

1425-1620 

46.7+0.2 

49.5+0.3 

411+2 

L 

1651-1690 

46.9+0.5 

52.6+0.9 

438+7 

1651-1690 

46.0+0.4 

48.3+0.6 

402+5 

362.7+2.0 

A3 

y' 

1530-1620 

52.3+0.8 

63.4+1.2 

527+10 

1425-1620 

46.7+0.7 

49.2+1.0 

410+8 

L 

1651-1690 

47.1+0.3 

54.8+0.5 

456+4 

1651-1690 

46.0+0.5 

48.2+0.8 

401+6 

A2 

y' 

1500-1623 

52.6+0.6 

62.9+0.8 

523.7+7.2 

1400-1623 

46.7+0.1 

49.4+0.2 

411+2 

L 

1653-1680 

49.4+3.8 

57.6+6.4 

479+53 

1653-1680 

46.9+0.5 

49.7+0.8 

413+7 

363.1+1.0 

A4 

y' 

1550-1623 

50.9+0.8 

62.4+1.3 

519+11 

1400-1623 

46.7+0.1 

49.5+0.2 

411.3+1.2 

L 

1652-1680 

48.7+3.6 

58.5+6.1 

486+50 

1652-1680 

46.2+1.4 

48.6+2.4 

405+20 

B1 

y' 

1450-1637 

44.1M.4 

48.9+0.6 

406.6+4.6 

1450-1637 

49.4+0.4 

55.0+0.6 

457.0+5.0 

L 

1637-1708 

47.1+0.3 

53.2+0.5 

442.6+4.4 

1637-1708 

45.8+0.4 

49.2+0.8 

408.8+6.6 

362.2+1.0 

B3 

y' 

1500-1624 

48.4+1.5 

57.0+2.3 

474+19 

1450-1624 

47.5+0.4 

52.0+0.6 

432.3+5.4 

L 

1637-1708 

46.7+0.4 

54.3.+0.6 

451.4+5.1 

1637-1708 

47.4+0.5 

51.8+0.8 

431.0+6.6 

B2 

y' 

1483-1620 

47.7+0.6 

55.1+0.9 

458.6+0.9 

1389-1620 

47.4+0.1 

51.7+0.2 

429.6+1.4 

L 

1647-1720 

47.6+2.2 

55.0+3.4 

457+28 

1647-1720 

45.5+0.5 

48.6+0.9 

404+7.2 

362.0+1.2 

B4 

y' 

1500-1620 

47.9+1.0 

57.1+1.5 

475+13 

1389-1620 

47.1+0.1 

51.3+0.2 

426.8+1.1 

L 

1647-1720 

46.8+0.4 

55.6+0.7 

462.5+5.6 

1647-1720 

45.4+0.3 

48.6+0.5 

404.3+4.5 

B2 

y' 

1487-1610 

49.0+1.3 

57.2+2.1 

476+17 

1487-1610 

47.3+0.3 

51.6+0.4 

429.3+3.7 

L 

1635-1750 

46.4+0.3 

53.1+0.5 

441.9+4.2 

1635-1750 

45.0+0.2 

47.9+0.3 

398.3+2.6 

362.3+1.2 

A3 

y' 

1538-1610 

52.6+0.8 

65.2+1.2 

542+10 

1424-1610 

46.4+0.2 

50.0+0.2 

415.4+2.0 

L 

1635-1750 

46.2+0.4 

54.5+0.7 

453.3+5.4 

1635-1750 

45.0+0.3 

47.7+0.4 

396.3+3.7 

A2 

y' 

1518-1627 

51.6+1.6 

62.2+2.5 

517+21 

1426-1627 

46.4+0.2 

49.5+0.3 

411.4+2.4 

L 

1656-1742 

45.8+0.4 

52.8+0.7 

438.6+6.0 

1656-1742 

44.7+0.3 

47.1+0.5 

391.7+4.0 

362.7+1.2 

B3 

y' 

1518-1627 

47.9+1.3 

56.2+2.0 

467+17 

1426-1627 

47.0+0.4 

51.3+0.6 

426.3+4.7 

L 

1656-1742 

45.6+0.2 

52.5+0.4 

436.3+2.9 

1656-1742 

47.1+0.4 

51.4+0.6 

427.2+5.0 

Table  4.  Partial  Enthalpies  and  Entropies  of  Mixing  for  Ni  and  A1  in  y'-(Ni,Pt)3Al  and  Liquid 


Alloy 

A„H(A1) 

(kjmol') 

A„S(A1) 

(Jmok'K') 

A„S“(A1) 

(Jmor'K'') 

T 

(K) 

A^H(Ni) 

(kj/mol) 

A„S(Ni) 

(Jmor'K*') 

A„S“(Ni) 

(Jmor'K*') 

T 

(K) 

At 

y' 

-200.5+5.8  8 

-56.8+3.7 

-68.6+3.7 

1575 

7.1+1.3  ,2 

9.3+0.8 

6.8+0.8 

1522 

L 

-123.1+5.4  4 

-9.7+3.2 

-21.4+3.2 

1670 

11.9+5.0  4 

12.0+3.0 

9.4+3. 0 

1670 

A2 

y' 

-201.9+8.0  24 

-53.2+5.2 

-65.0+5.2 

1564 

6.7+1.2  38 

8.4+0.8 

4.9+0.8 

1512 

L 

-137.9+7.8  9 

-14.4+4.7 

-26.2+4.7 

1697 

2.3+6.1  9 

6.0+3.6 

2.5+3.6 

1697 

A3 

y' 

-207.8+25  13 

-51.2+16 

-63+16 

1575 

6.1+1.3  20 

8.2+0.8 

3.6+0.8 

1522 

L 

-144.3+5.2  12 

-12.9+3.1 

-24.8+3.1 

1692 

8.3+4.3  12 

9.8+2.6 

5.2+2.6 

1693 

A4 

y' 

-200.2+11  12 

-41.2+6.9 

-53+6.9 

1587 

6.4+ 1.2  24 

8.6+0.8 

3.0+0.8 

1512 

L 

-172+56  4 

-24+34 

-36+34 

1666 

8.9+25  4 

10.5+15 

5.0+15 

1666 

B1 

y'+P 

-88.2+3.9  ,s 

10.7+2.6 

-0.1 +2.6 

1544 

-39.5+3.0  ,9 

-18.9+1.9 

-21.8+1.9 

1544 

L 

-141.0+3.9  6 

-24.4+2.3 

-35.3+2.3 

1684 

-8.4+5. 1  6 

1. 1+3.0 

-1. 7+3.0 

1684 

B2 

y' 

-146.5+6.8  21 

-23.1+4.4 

-34.2+4.4 

1554 

-10.5+1.4  29 

-0.56+0.9 

-4.3+0.9 

1505 

L 

-133.1+3.0  14 

-14.7+1.8 

-25.8+1.8 

1693 

6.2+3. 1  14 

9.3+1.8 

5.6+1.8 

1693 

B3 

y' 

-162.7+12.1  18 

-30.3+7.8 

-41.2+7.8 

1562 

-7.8+5.5  25 

1.7+3. 7 

-3.3+3.7 

1537 

L 

-135.6+4.9  14 

-12.4+2.9 

-23.3+2.9 

1688 

6.9+4.3  14 

10.0+2.6 

5.0+2.6 

1688 

B4 

Note 

y' 

-157.9+11.0  12 

-21.6+7.0 

-32.6+7.0 

1560 

-8.1+1.4  20 

1. 7+0.9 

-4.4+2.6 

1505 

L  -151.7+9.7  6  -16.5+5.8 

:  subscript  indicates  the  number  of  data  points 

-27.5+5.8 

1684 

5.3+5.7  6 

9.6+3.4 

3.5+3.4 

1684 
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Table  5.  Proposed  Solid  <->  Liquid  Phase  Transformations 


Alloy 

Proposed  Phase  Transformation 

T  range (K) 

Al 

y'  +  AI2O3  —  L  +  AI2O3 

1620-1651 

A2 

y'  +  AI2O3  —  L  +  AI2O3 

1627-1653 

A3 

y'  +  AI2O3  —  L  +  AI2O3 

1620-1635 

A4 

y'  +  AI2O3  —  L  +  AI2O3 

1623-1652 

B1 

y'  +  |3  +  AI2O3  —  L  +  AI2O3 

1637+5 

B2 

y'  +  AI2O3  —  y’  +  L  +  AI2O3  =  L  +  AI2O3 

1620-1635 

B3 

y'  +  AI2O3  —  y’  +  L  +  AI2O3  =  L  +  AI2O3 

1624-1637 

B4 

y'  +  AI2O3  —  y’  +  L  +  AI2O3  =  L  +  AI2O3 

1620-1647 

Figures 

Figure  1.  Ni-rich  comer  of  the  measured  Ni-Al-Pt  phase  diagram  at  1 150°C  (1423K)  [1]  showing  the 
composition  of  the  alloys  measured  in  this  study. 


Note:  Fig  1  needs  to  be  shown  beside  Table  1. 


Figure  2.  Schematic  of  the  AI2O3  effusion-cells  used  in  this  study:  internal  cell  dimensions,  10mm  in 
diameter  by  7.5mm  in  height;  effusion  orifice  1 .5mm  in  diameter  by  4mm  long.  The  orifice  is  offset  by 
2mm  from  cell  centerline  of  the  cell  while  the  hole  in  the  bottom  is  part  of  black-body  source  (2.5mm  in 
diameter  by  13.5mm  deep). 


Figure  3.  Measured  relative  partial  pressures  of  Au(g),  Ni(g)  and  Al(g)  and  Al20(g),  TJ,  plotted  as  the 
natural  logarithm  verses  inverse  absolute  temperature,  HT,  from  the  activity  measurement  of  alloys  A2,  Ni- 
24.2Al-10.0Pt,  (A)  and  A4,  Ni-23.8Al-25.lPt,  (O).  The  numbers  on  the  Au(g)  curve  represent  the  order 
the  measurements  were  made,  each  data  point  consists  of  2  sets  of  6  independent  measurements  taken 
30-45  minutes  apart.  The  measured  relative  partial  pressure  of  Ni(g)  in  equilibrium  with  alloys  A2  and  A4 
were  identical  and  fall  a  single  curve. 


Figure  4.  Measured  a(Al)  in  y'-(Ni,Pt)3Al  and  liquid  for  alloys:  Al,  Ni-24.3Al-2Pt,  (O);  A2,  Ni-24.2A1- 
lOPt,  (A);  A3,  Ni-24Al-18.1Pt,  (□);  and  A4,  Ni-23.8Al-25.lPt,  (O).  The  results  are  plotted  as  the 
logarithm  of  a(Al)  verses  inverse  absolute  temperature,  HT. 
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Figure  5.  Measured  a(Ni)  in  y'-(Ni,Pt)3Al  and  liquid  for  alloys  Al,  Ni-24.3Al-2Pt,  (O);  A2,  Ni-24.2A1- 
lOPt,  (A);  A3,  Ni-24Al-18.1Pt,  (□);  and  A4,  Ni-23.8Al-25.lPt,  (O).  The  results  are  plotted  as  the 
logarithm  of  a(Ni)  verses  inverse  absolute  temperature,  HT. 

Figure  6.  Measured  a(Al)  in  y'-(Ni,Pt)3Al  and  liquid  for  alloys:  Bl,  Ni-27.2Al-2Pt,  (O);  B2,  Ni-26.4A1- 
9.8Pt,  (A);  B3,  Ni-27Al-18.1Pt,  (□);  and  B4,  Ni-26.7Al-25.2Pt,  (O).  The  results  are  plotted  as  the 
logarithm  of  a(Al)  verses  inverse  absolute  temperature,  HT. 

Figure  7.  Measured  a(Ni)  in  y'-(Ni,Pt)3Al  and  liquid  for  alloys:  Bl,  Ni-27.2Al-2Pt,  (O);  B2,  Ni-26.4A1- 
9.8Pt,  (A);  B3,  Ni-27Al-18.1Pt,  (□);  and  B4,  Ni-26.7Al-25.2Pt,  (O).  The  results  are  plotted  as  the 
logarithm  of  a(Ni)  verses  inverse  absolute  temperature,  HT. 

Figure  8.  A  plot  of  the  measured  partial  entropies  of  mixing,  A_j,S(i) ,  for  Al  and  Ni  verses  absolute  T,  for 
series  A  alloys. 

Figure  9.  A  plot  of  the  measured  partial  entropies  of  mixing,  Ajj^S(i) ,  for  Al  and  Ni  verses  absolute  T,  for 
series  B  alloys.  Alloy  Bl  was  not  included  here  because  it  is  not  a  single-phase  y'-(Ni,Pt)3Al  alloy. 

Figure  10.  SEM  images  of  the  surface  of  alloy  B3 :  a)  250x  image  of  the  clean  metallic  surface  of  a 
dendrite  with  atomically  flat  steps,  b)  a  composite  image  at  250x  and  lOOOx  of  a  region  with  fine 
crystalline  AI2O3  precipitates  in  a  clean  metallic  surface. 

Figure  11.  The  excess  mixing  behavior  of  Ni  in  y'-(Ni,Pt)3Al  and  liquid  plotted  as  the  logarithm  of  y^ 
verses  inverse  absolute  temperature,  l/T:  a)  series  A  alloys  and  b)  series  B  alloys. 
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Figures 
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Figure  1.  Ni-rich  comer  of  the  measured  Ni-Al-Pt  phase  diagram  at  1 150°C  (1423K)  [1]  showing  the 
composition  of  the  alloys  measured  in  this  study. 


Figure  2.  Schematic  of  the  AI2O3  effusion-cells  used  in  this  study:  internal  cell  dimensions,  10mm  in 
diameter  by  7.5mm  in  height;  effusion  orifice  1.5mm  in  diameter  by  4mm  long.  The  orifice  offset  by  2mm 
from  cell  centerline  of  the  cell  while  the  hole  in  the  bottom  is  part  of  black-body  source  (2.5mm  in  diameter 
by  13.5mm  deep). 
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Figure  3.  Measured  relative  partial  pressures  of  Au(g),  Ni(g)  and  Al(g)  and  Al20(g)  plotted  as  the  natural 
logarithm  verses  inverse  absolute  temperature,  HT,  from  the  activity  measurement  of  alloys  A2,  Ni-24.2A1- 
lO.OPt,  (A)  and  A4,  Ni-23.8Al-25.lPt,  (O).  The  numbers  on  the  Au(g)  curve  represent  the  order  in  which 
the  measurements  were  made,  each  data  point  consists  of  two  sets  of  6  independent  measurements  taken 
30-45  minutes  apart.  The  measured  relative  partial  pressure  of  Ni(g)  in  equilibrium  with  alloys  A2  and  A4 
were  identical  and  fall  a  single  curve. 
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Figure  4.  Measured  a(Al)  in  y'-(Ni,Pt)3Al  and  liquid  for  alloys:  Al,  Ni-24.3Al-2Pt,  (O);  A2,  Ni-24.2A1- 
lOPt,  (A);  A3,  Ni-24Al-18.1Pt,  (□);  and  A4,  Ni-23.8Al-25.lPt,  (O).  The  results  are  plotted  as  the 
logarithm  of  a(Al)  verses  inverse  absolute  temperature,  HT. 
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Figure  5.  Measured  a(Ni)  in  y'-(Ni,Pt)3Al  and  liquid  for  alloys  Al,  Ni-24.3Al-2Pt,  (O);  A2,  Ni-24.2A1- 
lOPt,  (A);  A3,  Ni-24Al-18.1Pt,  (□);  and  A4,  Ni-23.8Al-25.lPt,  (O).  The  results  are  plotted  as  the 
logarithm  of  a(Ni)  verses  inverse  absolute  temperature,  HT. 
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Figure  6.  Measured  a(Al)  in  y'-(Ni,Pt)3Al  and  liquid  for  alloys:  Bl,  Ni-27.2Al-2Pt,  (O);  B2,  Ni-26.4A1- 
9.8Pt,  (A);  B3,  Ni-27Al-18.1Pt,  (□);  and  B4,  Ni-26.7Al-25.2Pt,  (O).  The  results  are  plotted  as  the 
logarithm  of  a(Al)  verses  inverse  absolute  temperature,  HT. 
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Figure  9.  A  plot  of  the  measured  partial  entropies  of  mixing,  A^S(i) ,  for  Al  and  Ni  verses  absolute  T,  for 
series  B  alloys.  Alloy  B1  was  not  included  here  because  it  is  not  a  single-phase  Y'-(Ni,Pt)3Al  alloy. 
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Figure  10.  SEM  images  of  the  surfaee  of  alloy  B3 :  a)  250x  image  of  the  elean  metallie  surfaee  of  a 
dendrite  with  atomieally  flat  steps,  b)  a  eomposite  250x  and  lOOOx  image  a  region  with  fine  erystalline 
AI2O3  preeipitates  in  a  elean  metallie  surfaee. 
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